Stratigraphic data and ^Ar-39Ar ages for the Early Cretaceous ParaniEtendeka flood basalts indicate that the main magmatic episode lasted for several m.y. (129)(130)(131)(132)(133)(134) and was linked to the northward opening of the South Atlantic Ocean, but with some earlier magmatism (135-138 Ma) found inland far from the eventual oceanic rift. The regional distribution of distinct high-TiN (Urubici, Pitanga, Paranapanema, Ribeira) and low-TiN (Gramado, Esmeralda) magma types in the lavas and associated dyke swarms implies that magma generation occurred over a wide area and involved different mantle sources. Low MgO contents (3-7 wt%) indicate extensive fractional crystallisation, and upper crustal assimilation was important in the evolution of the Gramado magmas. However, Parani basalts that are considered to be uncontaminated by crust have trace element and isotope characteristics (e.g.
INTRODUCTION
Vandoros, 19671. The Rio Grande Rise and Walvis Ridge in the South Atlantic Ocean are interpreted as representing The extensive Parani lava field in central South the fossil trace of the Tristan mantle plume and they conAmerica and the minor Etendeka remnant in Namibia once nect the flood basalt exposures of the Parani and the formed a single magmatic province  Etendeka, respectively, to the present magmatic activity of Bellieni el al., 1984al that was associated with the opening the plume found on the islands of the Tristan da Cunha of the South Atlantic Ocean during the Early Cretaceous.
group and Gough ( Figure 1) [1988] , and all the data are collated in a book [Pkcirillo and Me&, 19881 which contains extensive reviews on many aspects of Paranci magmatism, including petrography, mineral chemistry, major and trace element and isotope geochemistry, K-Ar dating, and palaeomagnetism.
Erlank et al.
[I9841 gave the first comprehensive description of the Etendeka magmatism and summarised the chronological, compositional, and palaeomagnetic data that showed that the Etendeka sequences once formed the eastem edge of the Paranti basin. These sequences represent a small fragment of the Parana-Etendeka province, but the excellent exposure has led to significant insights, particularly into the physical volcanology of the rhyolite eruptions [e.g., Milner et a/., 19921. Almost a decade bas passed since the last major reviews of the Parana-Etendeka province were published. In this time, there has been a surge of interest globally in large igneous provinces, driven in part by the development of several new geodynamical models for their generation [e.g., 
GEOLOGICAL BACKGROUND

Spatial Extent of Parand-Etendeka Magmatism
The Parana lava field covers an area of at least 1.2 x 106 k m 2 over southern Brazil, Uruguay, eastern Paraguay and northern Argentina ICordani and Vandoros, 19671, and its present extent is bounded by the margin of the underlying Parani sedimentary basin (Figure 2 ). The threedimensional structure is well known by surface mapping and from numerous oil exploration boreholes (Figure 3 ) [Zalan el al., 1987; Peate et al., 19921 . The thickest preserved accumulation of lavas (1.5-1.7 km) is in the north, coincident with the deepest part of the Parana basin. The extent of the lavas in northern Argentina is uncertain because of overlying Quaternary sediments, but borehole [1992] .
formations and the associated intrusive magmatism.
The majority of analysed samples in the literature are from the Serra Geral region, where sections up to 0.8 km thick are found. Inland from the escarpment, significant topographic relief is rarely developed on the plateau, exceptions being the deeply incised valleys of a few westwardflowing rivers. Most of the Parana lava field is thus devoid of suitable sections for detailed flow-by-flow stratigraphic studies. Although the lava pile is greater than 1 km thick over much of the central Parank, surface samples can only provide information about the uppermost few hundred metres. Access to borehole samples provided Peate et al.
[I9921 with a unique opportunity to look at the otherwise inaccessible deeper levels of the lava pile.
On the African Plate, the Etendeka lavas are scattered over an area of 0.8 x 105 km2 in northwestern Namibia [Erlank et al., 19841 . The coastal regions of Angola have been less well studied, but Early Cretaceous tholeiitic basalts and rhyolites are found, at least as far north as Luanda, in the onshore Namibe (NA on Figure 2 ) and Cuanza (CU on Figure 2 [I9921 showed that these mainly subaerially erupted lavas were more similar in composition to the Parana basalts than to mid-ocean ridge basalts (MORB), and they considered the Campos basin lavas to be an eastern extension of the northem Parank lava field. of Rio de Janeiro: SA on Figure 2 ). The SZo Paulo plateau, which extends for about 400 km southeast from the Santos basin, appears to be underlain by attentuated continental crust, and dredged samples also show affinities with the Parana lavas [Fodor and Vetter, 19841 . Significant quantities of Early Cretaceous volcanic material have also been found by seismic studies throughout the Namibian continental shelf but no samples have yet been analysed [Light et al., 19921 . Parana-Etendeka magmatism is strongly bimodal (Figure 4) , and the virtual absence of samples with 60-64 wt% SO2, except locally in the Etendeka, produces a natural division of the lavas into what are loosely termed 'basalts' and 'rhyolites'. The lava pile is dominated by tholeiitic basalts (>90%), but significant quantities of rhyolites are found along the Brazilian continental margin and in the Etendeka.
Regional Geology
The basement beneath the Parana basin consists of several Archaean to Early Proterozoic cratonic blocks surrounded by Mid-Late Proterozoic mobile belts (Figure 5 [e.g., Mantovani el at., 19911). Archaean rocks are found in the Luis Alves craton beneath the southern Parana basin and in the San Francisco craton to the northeast of the basin. Early Proterozoic rocks are found in the Curitiba massif on the northern margin of the Luis Alves craton, and in the Transamazonian massif around the west and northwest margins of the Parana basin. The MidProterozoic Ribeira belt underlies the central and northeastem parts of the basin. The last major pre-Parana event across the region was the Brasiliano or Pan-African orogeny at 750-500 Ma. The Brasiliano mobile belts are found beneath the eastern and northwestern Parana basin. In Namibia, the basement geology beneath the Etendeka lavas is formed mainly by rocks of the Pan-African Damara Sequence, which partially overlie Proterozoic rocks (2.1-1.7 Ga) on the southwest comer of the Congo craton ( Figure 6b [Milner el at., I995aI).
The Paraui basin was established in the Late Ordovician as an intracratonic sedimentary basin. It is aligned roughly northeast-southwest, paralleling the Brasiliano structural trends in the underlying basement, and at its deepest point reaches over 5 km below sea level (Figure 3) [Zalan et al., 1987; Peate et at., 19921. The earliest, Palaeozoic, sediments are largely marine siliciclastics, but the Mesozoic sequences are exclusively continental (lacustrine and flnvial) sediments that culminate in the aeolian sandstones of the Jurassic Botucatu Formation. The Early Cretaceous lavas were erupted subaerially directly onto the Botucatu sandstones over virtually all of the Parani-Etendeka province, and they only overstep onto older strata (Parani basin and pre-Ordovician basement) along the northeast margin of the Parana lava field and in parts of the Etendeka region. The aeolian sandstones persist as intercalations, up to 160 m thick, within the Parani and the Etendeka lava sequences, and the more northerly Parani lavas are capped by similar aeolian sandstones of the Caiura Formation [Rocha-Campos et al., 19881. Thus, climatic conditions were arid and desert-like throughout the period of lava eruption. This is consistent with the lack of palaeosol development within the Parani lavas. It might also explain why development of entablature-style joint patterns are absent, because such features in the Columbia River basalts of the USA have been attributed to the effects of percolating water during cooling of the flows [Long and Wood, 19861.
Age of Parand-Etendeka Magmatism
Stratigraphic and sparse fossil evidence can only constrain the age of the Parana-Etendeka lavas to between Upper Triassic and Upper Cretaceous [I9841 and Rocha-Campos et al. [1988] ). K-Ar ages range from nearly 400 Ma to less than 100 Ma, clearly indicating problems with both excess radiogenic argon and postcrystallisation argon loss. Most samples (> 70%) yield ages in the range 115-135 Ma, with a strongly defined mode at 127 Ma. There is no significant age difference between the extrusive and intrusive phases of magmatism but the technique is not sufficiently precise to assess any systematic variation in the age of the magmatism across the province or to estimate the duration of magmatism. There have been few detailed Rb-Sr studies of the Parani-Etendeka lavas, partly due to the lack of sufficiently porphyritic samples with suitable mineral phases. Mantovani et cd. [1985b] reported a combined Rb-Sr mineral isochron age of 135.5Â±3. Ma from three Chapec6 rhyolite samples. In the Etendeka, an Awahab rhyolite unit gave a Rb-Sr mineral isochron age of 129.1Â±3. Ma [Milner et al., l995a1.
Determining the age of the Parani-Etendeka magmatism is critical for evaluating the temporal relationship between the volcanism and the opening of the South Atlantic Ocean. This, in turn, would help to better constrain recent geodynamic models that attempt to link continental rifting, the mantle plume, and flood basalt production. Improved estimates for the duration of magmatism would allow eruption rates to be inferred, which would have implications for the thermal mechanism behind the generation of the flood basalt magmas. Renne et al. [1992] , in a study of the lavas of southern Brazil, concluded that the Parana magmatism began at 133Â± Ma and lasted less than a million years, consistent with the data of Hawkesworth el al. [I9921 for this region. From this result, Renne et al. [I9921 inferred a mean eruption rate of -1.5 km3 yr1 similar in magnitude to that estimated for the Deccan province of India. By contrast, in a study covering the fall areal extent of the province, Turner e! al. [I9941 suggested that the Parani lavas were erupted over a longer interval (-10 my.) between 137 Ma and 127 Ma, with a mean eruption rate of -0.1 km3 yr-1, an order of magnitude less than the estimate of Renne et al. [1992] . Additional work by the Open University group [Stewart et al., 19961 confirmed their earlier conclusion of a significant duration of magmatism. As this result conflicts with the prevailing prejudice that most flood basalt provinces were erupted in less than a few million years, it has sparked debate, particularly about the validity of the different analytical techniques used. Turner el at. [I9941 compared their preferred technique of laser spot heating with laser stepped heating for two whole-rock samples. One sample gave indistinguishable ages of 136 Ma from both techniques, whereas the other sample gave a poor correlation of spot analyses but produced a seemingly good, although probably meaningless, plateau age. Renne et at. [1996a] separated plagioclase grains from samples from a single region and analysed them in two different labs using different methods (Berkeley: laser stepped heating: Nice: furnace stepped heating) and they gave concordant age ranges. Stewart et al. 119961 used a sample from a Chapec6 rhyolite unit to evaluate different 4OAr-39Ar techniques. Laser spot heating of the groundmass gave an isochron age of 131.8Â±1. Ma, which is indistinguishable from the plateau age obtained from furnace step heating of a plagioclase separate analysed in Canberra (131.6Â±0. Ma), whereas laser step heating of the plagioclase separate gave a slightly older age (133.5Â±1. Ma isochron age).
It should be stressed that the conclusions of Renne eta/. [I9921 were based on samples from just the coastal Serra Geral escarpment, which represents a small fraction of the overall province. Recent analyses by Renne et at. [1996a] on the Ponta Grossa dolerites (Figure 2 ) that are inferred to be the feeders of the northern Parana lavas gave distinctly younger ages (129.2Â±0. to 131.4Â±0. Ma) than these workers had measured for the southern lavas, and a few had ages as young as 120 Ma. Thus, Renne et al. [1996a] 
Contemporaneous Alkaline Magmatism
Several alkalic complexes, broadly contemporaneous with the flood basalt volcanism, were emplaced around the margin of the Parana basin ( Figure 6 ) and cover a wide compositional spectrum including carbonatites, alkali gabbros, phonolites, syenites, and granites [Ulbrich and Comes, 1981; Milner et at., 1995al. In South America, the largest group of complexes is in the Ponta Grossa region and comprises at least six discrete centres, including the extensively studied Jacupiranga carbonatite [e.g., h a n g et al., 19951 which has a 40Ar- Peate et al.
[I9921 attempted to clarify the status of different compositional groups within the Parana-Etendeka lavas, with the aim of using these groups both to look at the internal stratigraphy of the province as a whole and as a means to simplify petrogenetic modelling. Six magma types were distinguished on the basis of major and trace element abundances and ratios. Analyses of representative samples of each magma type are listed in Table 1 . Compositional criteria that allow flows to be assigned to a particular magma type were deliberately selected from elements routinely analysed by X-ray fluorescence (XRF) so as to be as widely applicable as possible ( While it is useful to maintain the distinction between low-Ti and high-Ti magma types when discussing petrogenesis, it is unwise to rely on the abundance of a single element for classification purposes. Thus, the magma types defined by Peate et al. [I9921 are grouped into low-Ti (Gramado, Esmeralda) and high-Ti (Urubici, Pitanga, Paranapanema, Ribeira) varieties on the basis of a wide range of similar compositional characteristics. The Gramado and Esmeralda magma types are low-Ti magmas in the sense used by Hergt et al. [I9911 to distinguish a compositionally distinctive group of magmas found throughout the Mesozoic flood basalt provinces of Gondwana that have low Ti/Y values (<310) similar to or less than MORE. Even though the Paranapanema and Ribeira magma types overlap in Ti contents with the lowTi Gramado and Esmeralda magma types, they will be referred to as high-Ti types because of their high T i N values (>310) and other compositional similarities with the other high-Ti magma types (Figure 7b ).
The reliability of compositional data on the borehole samples had to he demonstrated by Peate et al. [I9921 as only rock chippings were available. Petrographic study indicated that, in a given hole, the chips came from a range of levels within at least one flow and probably sampled several flows. Although samples were hand-picked in an effort to select chips from a single lithological unit and to avoid altered fragments, analyses showed that most are affected by secondary processes and have, for example, markedly higher Na contents than surface lavas. However, there is good agreement between the borehole data and analyses of surface lava samples for relatively immobile elements such as Ti, Zr, and Y, and thus, using these elements, the borebole samples can be reliably classified into different magma types and can be used to establish the regional distribution of magma types [Peate et al., 19921.
Composition and Distribution of Low-Ti Magma Types
The Gramado magma type has a distinctive trace element signature relative to the high-Ti types, with a greater relative enrichment of large-ion-lithophile (LIL) over HFS elements and light rare-earth elements (LREE), and a prominent negative Ti-anomaly on a primitive-mantle-normalised diagram ( Figure 8 ). The Esmeralda pattern is similar to the Gramado, except with generally lower incompatible trace element abundances, and it also has a lesser degree of LREE enrichment. Esmeralda Figure 10 ). In southern Brazil, Gramado flows are mainly restricted to the coastal Serra Geral escarpment, whereas Esmeralda flows often locally cap the lava pile and are more common on the central plateau. The general pattern of surface distribution of these two magma types is consistent with the stratigraphical relationship inferred from the central Parank boreholes and Serra Geral road sections, with the Esmeralda magmas forming a younger unit above the Gramado magmas [Peate et at., 1992). The southernmost Parani lavas, in Argentina and Uruguay, appear to comprise only Gramado flows, although this may simply reflect the paucity of samples. In the Etendeka, the Tafelberg basalts that form most of the main lava field are compositionally equivalent to the Gramado magma type. Gramado flows are estimated to comprise up to a third of the preserved Parank-Etendeka lava pile, with Esmeralda flows making up perhaps 5 to 10%.
Composition and Distribution of High-Ti Magma Types
The 'Northern' Magma Types. Although the Ribeira, Paranapanema, and Pitanga magma types span a wide range in TiO; contents (1.5-4.1 wt%), they are discussed together because they share many compositional features. They have similar primitive-mantle-normalised trace element patterns (Figure 8 ), differing only in the degree of enrichment (e.g., T i N of Ribeira -360, Paranapanema 4 1 0 , Pitanga -530). Negative Nb-Ta anomalies relative to [1988] , Manlovani and Hawkesworth 119901, Peate [1990] , Peate andHawksworth [1996] . [I9881 provides a reasonable fit to within 100 to 200 km for this region. The Urubici (and Khumib) magma type is volumetrically much less significant than the other high-Ti magma types, comprising less than 5% of the total preserved lava volume.
INTRUSIVE MAGMATISM
Ponta Grossa Dyke Swarm
A prominent swarm of northwest-southeast-striking dykes intrudes the Precambrian basement and Parana basin Other Parand Intrusive Magmatism A regional airborne magnetic survey [Druecker and Gay, 19871 revealed a significant swarm of northwestsoutheast-trending dykes that covers most of eastern Paraguay to the west of the Parana lava field (Figure 2) . Pew of these dykes have been sampled but they seem to be similar in composition to the Pitanga and Paranapanema magma types. One dyke gave an old 40Ar-39Ar age (137 Ma), similar to other high-Ti lava flows along the western margin [Stewart et al., 19961. Intrusive magmatism is less common in southern Brazil. Occasional dykes and sills are found along the Sera Geral escarpment, and along the coastal margin where most strike approximately parallel to the coast. A few dykes have Gramado-type compositions, with Urubici-type dykes more common near the coast. On the escarpment near SZo Joaquim, numerous dykes and sill-like intrusions within the lava pile, including a 100-m-wide dyke intruding the Parana basin sediments, all share a remarkably homogeneous, Esmeralda-like composition (EN& -+0.5, ^Sr/^Sri -0.7059, Ce/SmN -1.3, where N denotes chondrite-normalised [Peate and Hmkesworth, 19961) .
Boreholes have revealed numerous sills. 2 to 200 m in thickness, that intrude the Parana basin sediments, mainly within the Palaeozoic strata. Some sills crop out at the surface, north of SZo Paulo (Figure 2 ). The sills can reach a combined thickness of over 1000 m in the northern parts of the basin [Bellieni et at., 1984bl . The sills are all tholeiitic and are compositionally similar to the Parana lavas [Bellieni el al., 1984b; Regelous, 19931. Peate et al. [I9901 showed that the distribution of compositional types among the sills mirrored the distribution of lava magma types at the surface, with Gramado-like sills in the south and Pitanga and Paranapanema sills in the north.
Etendeka Intrusive Magmatism
Doleritic dykes and sills are abundant within a 100-kmwide zone along the Namibian coast from the main Etendeka lava field to at least as far south as Walvis Bay (Figure 2) , principally intruding the Damara basement and Karoo basin sediments [Marsh et al., 19911 . The limited geochronological and palaeomagnetic data indicate that they are of similar age to the Etendeka lavas [Erlank et al., 19841, Erlank el (Figure 6b) . One type is similar to the Tafelberg magmas, but the other three types are closest in composition to the Horingbaai dolerites. Field evidence suggests that they also postdate the main preserved lava pile. Early Cretaceous dykes have also been reported from the coastal region near the South African-Namibian border and farther south near Cape Town [Reid, 19901 . Another explanation for the asymmetry is that rifting occurred via simple shear rather than pure shear [Peate, 19901. Harry and Sawyer [I9921 showed that the development of a horizontal pressure gradient in the lower crust during the early stages of extension could provide a mechanism for the lateral flow of magma over 100-200 km from the rift zone to beneath the Parana province, thus accounting for the asymmetric lava distribution.
Compositional and age correlations between dykes and lavas give an indication of where the lava flows were erupted from. In most places the dykes are similar in composition to the local lava flows (Figure 13 ). Regional compositional similarities between sills and the overlying lavas also suggest that the lavas were erupted in the same general region where they now crop out. This emphasises that the different magma types do not represent the temporal evolution of a single mantle source region and that magma generation occurred over an area comparable to the areal extent of the lavas. The absence of any old dykes (along-strike equivalents of the eastern Paraguay dykes: 136-138 Ma) along the Brazilian coast suggests that at least some of the early magmas were generated and erupted at considerable distances west of the eventual Atlantic rift, and that the Paraguayan dykes had not transported magma laterally from this rift zone. The magma types were erupted in different parts of the province, perhaps at different times, as the result of a complex interplay between plume-lithosphere interaction and lithospheric extension.
Implications of Regional Stratigraphy
Stratigraphical studies can reveal the internal structure and sequential development of the lava pile. This knowledge is critical to the understanding of how magmatic sources and processes varied during the evolution of the province, and it also provides a means of determining any shifts in the principal locus of magmatism that might he linked to regional tectonic processes.
The distribution of different compositions within the lava pile discussed above indicates that flows of each basalt magma type tend to form a relatively coherent lithostratigraphical unit. By analogy with detailed stratigraphical sequences through other flood basalt provinces such as the Deccan and Columbia River, Peate et al. [1990, 19921 made the reasonable assumption that these units could also be considered as chronostratigraphical units. From this assumption, it appears that the internal structure of the Parana lava pile comprises an overlapping sequence of units dipping towards the north, which suggests a northward-migrating source for the magmatism (Figure 11) . Peate et al. [I9901 suggested that this migration occurred in response to the northward propagation of rifting during the initial opening of the South Atlantic Ocean. The 4OAr-39Ar data of Renne et at. [1992, 1996al are consistent with such a model, with the southern Brazil and the Etendeka lavas erupted at 132-133 Ma and the northern lavas (as represented by the Ponta Grossa dolerites) erupted at 129-131 Ma. Turner et a/. [1994] , however, suggested that the earliest magmatism was inland, in the west and north, and then became concentrated near the northward-propagating South Atlantic rift.
It is important to realise that the Parana magma types distinguished by Peate et al. [I9921 are defined solely on compositional characteristics. They are not stratigraphically defined units as is the case in the subdivision of several other flood basalt provinces (e.g., Siberia, Deccan) where continuous sections through the lavas that can be correlated on a regional scale are more common. The 40Ar-39Ar data of Turner el at. [I9941 and Stewart et at. [I9961 suggest, in fact, that the magma types are diachronous, with different magma types being erupted simultaneously in different places and over a long period of time. This is illustrated in the cross section (Figure 11 ) where the time lines clearly crosscut the magma type boundaries. The oldest 4OAr-39Ar Parana ages are from Paranapanema and Pitanga samples in the north and west of the lava field that, based on the borehole stratigraphy, should actually be younger than the low-Ti magmas of southeast Brazil. Between 133 and 132 Ma, Paranapanema flows were being erupted in the northern half of the province at the same time as Gramado and Urubici flows in the southern half. New data (S.P. Turner, unpubl. data) from a cored borehole in northwest Uruguay also cast doubt on the chronological significance of the geochemical stratigraphy as Paranapanema lavas overlie Gramado lavas in the centre of the province but underlie them in the south.
Duration of Magmatism
It is important for modelling the geodynamic processes involved in flood basalt generation to know the duration of magmatic activity and whether or not the eruption rate varied during this interval. Although the Parani-Etendeka lavas appear to have been erupted over quite a significant time interval (-3 m.y. [Renne el at., 1996al; -10 m.y. [Stewart et al., 1996]), improved estimates for the duration of magmatism are clearly needed. The complete stratigraphic interval of magmatism must be sampled, and we also need to ascertain the volume of magma erupted as a function of time in order to assess variations in eruption rate. If the magma types are not chronostratigraphic then these objectives are difficult to achieve without a large regional coverage of precise ^Ar-^Ar ages. Future studies combining magnetostratigrapby, lava composition, precise ^Ar-^Ar ages and cored borehole samples offer the best hope of enhancing our knowledge of the sequential development of the Parana-Etendeka province. About a quarter of the total erupted volume lies in northern Argentina and Uruguay and yet little is known about the composition and chronology of these lava sequences as they are largely buried under younger sedimentary rocks. Turner et al. [I9941 measured young ages (-128 Ma) on two samples, but it is uncertain whether these ages are representative of the whole lava pile in this region or whether they belong to a volumetrically minor later phase of activity as is found further north on the Serra Geral escarpment (128-129 Ma) and in coast-parallel dykes in the Ponta Grossa region (120-125 Ma [Renne et al., 1996al).
Rifting History of the South Atlantic Region
The age for the onset of sea-floor spreading within the southern South Atlantic Ocean apparently decreased northwards [Austin and Uchupi, 19821. The oldest seafloor off the southern African coast near Cape Town has been assigned either to magnetic anomaly MI3 or M9 (137 Ma or 130 Ma), whereas the earliest recognisable magnetic anomaly at the latitude of the Parana-Etendeka province is M4 (-127 Ma: references of Renne et al. [1992] ). The age of the earliest oceanic crust can only place a lower limit on the age of continental rifting in a particular region. However, studies of the tectonic and subsidence histories The exact location of the Tristan plume axis during the Parana-Etendeka magmatism is still uncertain, although VanDecar et al. [I9951 have presented intriguing evidence for a 'fossil' plume conduit in the sublithospheric upper mantle beneath the northeast Parani lava field. They found a low velocity anomaly, roughly cylindrical in form, 300 km across and extending from 200 km to at least 600 km depth, which they inferred to be the thermal, and possibly chemical, remnant of the original plume conduit that supplied the Tristan plume head. If this interpretation is correct, it implies that the upper mantle and lithosphere have remained coupled since the breakup of Gondwana. The long-term presence of a thermal anomaly beneath the northern Parana will also have implications for post-Parana magmatism and uplift in this region.
SHALLOW-LEVEL PROCESSES IN PARANA-ETENDEKA BASALT PETROGENESIS
Fractional Crystallisation
The majority of Parana-Etendeka lavas have low MgO contents (3.0-6.5 wt%: Figure 7a ) and low compatible element contents ( 4 0 0 ppm Ni). Samples with more mafic compositions (MgO 6.5-9.0 wt%) are volumetrically insignificant (<<2%), and still have compositions (Mg# <65: Mg# is atomic ratio 100~Mg/(Mg+0.85Fetota~)) that are far removed from the expected composition of melts in equilibrium with mantle peridotite. These characteristics indicate that all the magmas have undergone extensive crystal fractionation, presumably in sill complexes near the base of the crust [e.g., Cox, 19801. Only one picrite sample (MgO 15 wt%) bas so far been found and this is from near the base of the Etendeka basalts (Figure 14) . The effects of crustal contamination appear to have been limited in the 'Northern' magma types (Pitanga, Paranapanema, Ribeira) as they all share the same, restricted, variability in Sr-Nd-Pb isotopic composition (Figures 7 and 8) , and it is notable in this context that these magma types together comprise perhaps half of the Parana erupted magma volume.
Crystal fractionation (Â crustal assimilation), however, is not a viable means of explaining the variety of basaltic magma types in the Parani, given the wide range in Ti02 and incompatible trace element contents at a similar MgO content (e.g., 1.0 to 4.0 wt% Ti02 at 5 wt% MgO: Figure  7a ). These differences must have a deeper origin, reflecting differences in the melting process andlor multiple sources.
MANTLE ORIGINS OF THE PARANA-ETENDEKA BASALTS
Plume Models for Flood Basalt Generation
The immense volume of magma associated with a flood basalt province such as the Parani-Etendeka requires a large thermal anomaly within the mantle. This is generally attributed to the presence of a mantle plume [e.g., Morgan, 19811, especially given the spatial and temporal connections often observed between flood basalt outcrops and the subsequent hotspot traces in the ocean basins (Figure 1) . In most models, melt is generated relatively rapidly by decompression of plume mantle; the details differ as to how decompression occurs, whether in response to lithospheric extension [e.g., [I9931 that differences in isotopic compositions between the older Walvis Ridge basalts and the recent Tristan magmatism result primarily from radioactive decay in the plume source can be ruled out. However, it remains difficult to distinguish the Tristan plume signature in proposed mixing arrays involving the Parani-Etendeka lavas.
Hawkesworth e f at. [I9921 described some late-stage dykes along the Brazilian coast between SZo Paula and Ria de Janeiro that also had similar trace element and isotope characteristics to the modem Tristan plume. However, recent work has shown that these dykes, called the SZo Sebastiio dolerites, are in fact much younger than the Parana-Etendeka event, with a 40Ar-39Ar age of 81 Ma [Regelaus, 19931.
The only Parana basalts that unequivocally contain a recognisably asthenospheric component are the late-stage Esmeralda magmas, and yet they represent a volumetrically insignificant portion of the total flood basalt magmatism [Peate and Hawkesworth, 19961. Esmeralda magmas show significant positive correlations of with NbILa ( Figure 15 ) and Sm/Ce. They indicate mixing with an incompatible-element-depleted component with a trace element signature similar to MORB (Ce/Smw <I, NbILa >0.9) and high EN& >+4 [Peate and Hawkesworth, 19961. This component though, is unlike the composition of the present Tristan plume as it has higher E~d j ( Figure 15 ) and lower 208PbI204Pb (Figure 10 ).
Lithospheric Involvement in Parand-Etendeka Magmatism
An intriguing feature of the main basaltic volcanism is that high-Ti and low-Ti magma types form distinct geographical regions in the northwest and southeast of the province, respectively, which must represent either variable degrees of melting beneath the province or spatial heterogeneities within the lithosphere. Fodor [I9871 argued that both types could he generated from a common mantle source if the degree of melting was controlled by proximity to the underlying Tristan mantle plume, with high-degree low-Ti melts generated over the plume axis in the south and low-degree high-Ti melts produced on the plume periphery to the north. Arndt et al. [I9931 instead suggested that lithospheric thickness was a more important factor because it determined the extent to which the underlying asthenosphere could decompress and melt. Beneath a thick lithospheric cap, melting is restricted and occurs in the presence of residual garnet, leading to incompatible-element-enriched basalts with high T i N and Th/Yb similar to high-Ti hasalts (Figures 7 and 12) . For thinner lithosphere, melting should be more extensive and occur within the spinel peridotite field, producing basalts with lower concentrations of incompatible elements and with low Ti/Y and TbIYb, similar to low-Ti hasalts. Any incompatible-trace-element or isotopic differences between the high-Ti and low-Ti types or relative to typical asthensopheric melts were simply dismissed by Fodor [I9871 and Arndt el al. [I9931 as crustal contamination effects. However, it is difficult to explain the isotopic variations of the Parana lavas in this manner. If the Parani mantle source is assumed to have a similar composition to the high E~d i component seen in the Esmeralda magma type, then the trace element and isotope differences between the low-Ti Gramado magma type and the high-Ti magma types would require the coincidence of different degrees of melting with assimilation of crust of different composition. Furthermore, the simultaneous eruption of high-Ti Umbici (TblYbp~ -2.3) and low-Ti Gramado (TbNbN -1.3) lavas on the Serra Geral escarpment would imply significant variations in lithospheric thickness over a relatively small distance according to the model of Arndt et al. [1993] .
The 'Northern' magma types (Pitanga, Paranapanema, Ribeira) show good evidence for a gradual increase in the degree of melting of a similar mantle source at progressively shallower depths. Paranapanema lavas, which Thus there is little evidence that significant extension occurred in this region that could have produced extensive decompressional melting of asthenospheric mantle. It might be assumed from the large volume and similar compositional characteristics of the 'Northern' magma types that they represent the best estimate for the composition of the dominant component in the early stages of the Tristan plume, and yet this component was apparently not sampled subsequently by plume magmatism after continental breakup. For example, NbILa remains constant at -0.64 in all the 'Northern' magma types, a value which is lower than in MORE3 or Tristan plume magmas (Figure 15 ). Instead, it seems that a source within the lithospheric mantle is necessary.
Similar high-Ti and low-Ti domains can be distinguished in the other Mesozoic Gondwanan flood basalt provinces (Karoo, Ferrar) . A boundary between the two types can be traced across the former Gondwanan supercontinent and has led to speculation that it represents a major compositional discontinuity within the lithospheric mantle [e.g., Cox, 1988; Erlank el a!., 1988; Hawkesworth et al., 1988; Hergt et al., 19911. Supporting evidence for such a lithospheric mantle boundary comes from mafic potassic rocks erupted around the margins of the Parana lava field during the Cretaceous. These can be divided into two compositionally and geographically distinct groups: a high-Ti group found along the northeast margin and a lowTi group found adjacent to the central Parani lavas along the coast in the east and in Paraguay to the west [Gibson et al., 19961. Such magmas are widely accepted as representing small-degree melts of the lithospheric mantle and so Gibson et al. [I9961 concluded that the spatial distribution of the high-and low-Ti mafic potassic rocks was analogous to the broad high-Tillow-Ti provinciality seen in the Parani lavas and reflected a major compositional boundary in the lithospheric mantle. They modelled the low-and high-Ti flood basalts as largedegree asthenospheric melts that had mixed with between 20% and 50% of the low-and high-Ti mafic, potassic, lithosphere-derived melts, respectively, and then undergone variable degrees of crustal assimilation. However, there are several problems for such a model. To explain the observed range in T i N (300-700) within the high-Ti 'Northern' magma types (Figure 7b) would require the addition of between 10% and 50% of the high-Ti mafic potassic melt, and yet these magma types have relatively homogeneous Sr-Nd-Pb isotopic compositions that show no systematic variations with TiY. Furthermore, most of the high-Ti mafic potassic rocks have unsuitable compositions (higher NbILa, similar EN&: Figure 15 ) to account for the high-Ti flood basalts by mixing with either MORE3 or a plume-derived melt. TilY is too high (>400) in the low-Ti mafic potassic rocks for them to represent a suitable low-degree melt contaminant in the low-Ti Gramado basalts and, in addition, the already low Ti02 contents of primitive Gramado basalts would require any asthenospheric melt to have an extremely Ti-depleted composition. Ellam and Cox [I9911 had similar difficulties in extending their lamproite-mixing model for the high-Ti Nuanetsi picrites to the low-Ti magma types elsewhere in the Karoo province of southern Africa.
Instead, Hergt el al.
[I9911 argued that the distinctive compositional features of the Gondwana low-Ti flood basalts were inherited from an unusual, melt-depleted mantle source that had been modified by the addition of subducted sediment material. The major element compositions of the Gramado magmas indicate an origin from a mantle source distinct from that of oceanic basalts [Hergt el al., 1991; Turner and Hawkesworth, 19951. contents of peridotite melts depend both on pressure and source composition. Although Gramado samples with low 87Sr/86Sri (0.707-0.709) have similar Fego (-10 .2) to recent South Atlantic MORE3, it is unlikely that both were generated at similarly shallow depths. Thus, Hergt el al.
[I9911 and Turner and Hawkesworth [I9951 concluded that the Gramado magmas originated in an Fe-depleted source, presumably due to previous melt extraction events, argued to be in the continental mantle lithosphere.
Uncontaminated Umbici and Khumib magmas are characterised by low 206Pb/204Ph (17.4-17.8) [1996] developed a conductive heating model in which melting can take place solely within the lithospheric mantle, driven by conduction of heat from a mantle plume incubating beneath a lithospheric cap [cf. Saunders et at., 19921. The important controlling variables are the plume potential temperature, the thickness of the mechanical boundary layer, and the duration of heating. Because the time scales of conductive heat transfer are long, this model predicts a protracted period of magmatism. On a time scale of -10 my., melting can occur within the lithospheric mantle over a broad area (comparable to the size of the province) to produce 1-3 km of magma, without any melt contribution from the underlying plume, provided that the lithosphere is >I00 km thick. If the lithospheric thickness is reduced to 4 0 0 km by extension or thermal erosion, then decompressional melting will commence within the plume, leading to higher eruption rates and the eruption of magmas dominated by sub-lithospheric melts. Turner et al.
[I9941 discussed the evidence that, during the onset of the Parani-Etendeka magmatism, the amount of extension was too low to permit decompressional melting of the asthenosphere as the lithosphere was probably at least 150 km thick. From the geochemical arguments marshalled above, it is clear that plume mantle similar to that supplying recent Tristan da Cunha or Gough magmas or MORB asthenosphere had a minimal role in ParanhEtendeka magmatism. Thus, the conductive heating mode! can account for many of the observed distinctive characteristics of the Parani-Etendeka flood basalts. It is only in the late stages of Parana magmatism, during eruption of the Esmeralda magma type, that lithospheric extension proceeded to such an extent to allow decompressional melting of the asthenosphere. Figure 16 presents a cartoon summary of the progressive evolution of basaltic magmatism within the Parana province as viewed by Garland et al. [1996] .
In the Deccan province, large volumes of basalts appear to have been derived by decompressional melting of asthenosphere associated with the Reunion mantle plume [e.g., Peng and Mahoney, 19951, whereas in the ParanaEtendeka province, the Tristan plume appears to have played a largely passive role, solely providing heat by conduction to produce extensive melting of lithospheric mantle [Turner et al., 19961.
RHYOLITE MAGMA TYPES AND PETROGENESIS
The Parani-Etendeka rhyolites cover an area of at least 17,000 km2 and typically form the uppermost units of the lava sequences. They can be divided into two distinct groups on the basis of petrography and geochemical composition (Figures 14 and 17 (Figure 18 ) to differences in lower crustal source regions, with the high-Ti rhyolites generated from Archaean lower crust and the low-Ti rhyol i t e~ derived from melting Late Proterozoic mobile belt material. However, the coincidence of basalt and rhyolite provinciality (low-Ti Gramado basalts and Palmas rhyolites in the south; high-Ti Pitanga basalts and Chapec6 rhyolites in the north) led to suggestions that the rhyolites were linked to the basalts either by extensive fractional crystallisation and crustal assimilation or by melting of underplated basalts [Bellieni el al., 1986; Garland et at., 1995).
There are some minor outcrops of rhyolites near Mariscala in southern Uruguay (Figure 6a Cu, illustrating compositional differences between the low-Ti rhyolite subgroups. The Caxias do Sul subgroup is divided into the Tafelberg and Awahab magma systems which lie, respectively, above and below an erosional disconformity in the field [Milner et a/., 1995bl. Data from Hawkesworth et al. [1988] , Peate [1990] , Mantmani and Hawkesworth [1990] , Whittingham (19911, Garland et at. [1995] , and S.C. Milner and A.R. Duncan (unpubl. data) . 
High-Ti Rhyolite Magma Types
Peate et al. [I9921 divided the Chapeco rhyolites into the Ourinhos subgroup (RblZr >0.2, 87Sr186Sri=0.7076-0.7080) and Guarapuava subgroup (RblZr <0.2, 87Sr/86Sr,=0.7055-0.7060). The Ourinhos subgroup forms a limited outcrop in the northeast of the Paran&, whereas the Guarapuava subgroup is more extensive, forming a series of separate outcrops along the eastern margin of the central Parani lava field (Figure 18 ). Small petrographic differences among the Guarapuava outcrops suggest that they represent different flow units. In the African part of the province, high-Ti rhyolites have been reported from the northernmost part of the Etendeka province (Sarusas rhyol i t e~ [Milner, 19881) 
Petrogenesis of the High-Ti Rhyolites
Although lower crustal granulites have been suggested as a potential source material for the high-Ti rhyolites The Ourinhos subgroup has higher 87Sr186Sri (0.7078 vs. 0.7055) and Si02 and lower Ti02 than the more voluminous Guarapuava subgroup. These differences can be explained by a localised AFC process starting with a Guarapuava magma, involving -10% upper crustal assimilation coupled with -20% fractionation of an assemblage primarily of plagioclase and clinopyroxene plus FeTi oxides, apatite and zircon [Garland et al., 19951. Normative compositions indicate that Chapeco rhyolite magmas last equilibrated at pressures of 5-15 kh [Garland et al., 19951 . Thus it appears that the magmas were extracted rapidly from lower crustal depths, without further significant differentiation of the magma (except locally for the Ourinhos subgroup). The Chapec6 rhyolites preserve no textural evidence of pyroclastic activity, and each flow 
Low-Ti Rhyolite Magma Types
The Palmas rhyolites are divided into three compositional subgroups (Figure 17b ) ; Garland el a/., 19951. The Caxias do Sul subgroup is the largest volumetrically and is found in the southeast of the lava field near the Serra Geral escarpment where the flow units reach a combined thickness of up to 400 m (Figure 18 ). The Anita Garibaldi subgroup lies to the north of the Caxias do Sul subgroup, along the eastern margin of the central Paranti lava field, and field evidence shows that it is younger than the Caxias do Sul subgroup. The Santa Maria subgroup is found in two widely separated exposures: along the southern escarpment to the west of the Caxias do Sul subgroup which it overlies, and in the central Paranti where it caps the highest exposures and is thus inferred to be younger than the Anita Garibaldi subgroup as well.
The excellent exposure in the Etendeka allowed Milner el at. [I9921 to look at the low-Ti rhyolite units on a flowby-flow basis. Individual units are remarkably homogeneous and show no compositional zonation. Most are similar in composition to the Caxias do Sul subgroup, with the exceptions of the uppermost unit (similar to the Anita Garibaldi subgroup) and some units to the north in the Sarusas region (similar to the Santa Maria subgroup) [Milner, 19881 . Each unit or group of successive units is geochemically distinctive on the basis of petrography and element abundances (especially Ti, Fe and Cu), and have been correlated throughout the Etendeka. Whittingham [I9911 did a similar study of the Caxias do Sul subgroup in southeast Brazil, distinguishing seven distinct units, and showed that stratigraphic compositional changes mirrored those seen in the Etendeka rhyolites. Milner el at. [1995b] have demonstrated a direct correlation of some individual units between these two areas that are now on opposite sides of the South Atlantic Ocean.
The upper and lower parts of the Etendeka sequences are separated by an erosional disconformity that can be traced across into the southern Paranti and thus provides another reference point for reconstructions of this part of Gondwana. Rhyolites below this disconformity have similar petrography and compositions and are only found in the south of both areas. Small, stratigraphically controlled differences between units suggest that the units sequentially tapped a single, evolving magma body, referred to as the Awahab magma system [Milner et a/., 1995b] , and they all appear to have been erupted from the Messum structure (Figure 6b ), where compositionally similar quartz-monzonite intrusions are found [Milner el a/., 19921 . The rhyolite~ overlying the disconformity apparently tapped a different magma body, the Tafelberg magma system, whose eruption site is unknown. One of these units reaches its maximum thickness close to the Namibian coast, suggesting a source now offshore. The Awahab magma system comprises at least five individual eruptive units, with an estimated total volume of >8,600 km3, dispersed over an area of >33,000 km2, and the Tafelberg magma system is similar in terms of number of erupted units and magma volume [Milner el a/., 1995bl . Units of the Awahab magma system, which stratigraphically are the oldest low-Ti rhyolites, give AOAr-MAr ages of 131.9Â±0. Ma to 132.1i0.4 Ma [Renne el at., 1996b] , and units of the overlying Tafelberg magma system give 40Ar-39Ar ages of 132.8i1.1 Ma [Renne et at., 19921 and 130.3i1 .2 Ma [Stewart el a/., 19961. Individual silicic units can have volumes >1,000 km3, unusually high aspect ratios (1:200-1:2,000) and can have travelled lateral distances >300 km [Milner el al., 1992 . As with similar examples from the geological record, the eruptive mechanism of these units has proven controversial [e.g., Henry and Wolff, 19921. Whittingham [I9911 considered them to be extensive lava flows, mainly due to the lack of textural evidence for an explosive or ignimbritic origin. Bellieni el at. [I9861 and Milner et a/. [1992] , on the other hand, interpreted them as rheoignimbrites, in which high temperatures maintained within an ignimbrite flow cause rewelding of particles and a final period of flow that produces many lava-like features. Milner el at. [I9921 found rare pyroclastic textures preserved in flow margins, and Garlandet al. [I9951 found a thin, distal pyroclastic fall deposit related to the Santa Maria subgroup. However, Manley [I9951 issued a note of caution for such an interpretation by suggesting that certain pyroclastic textures can be formed locally within a lava flow.
Petrogenesis of the Low-Ti Rhyolites
If the Palmas rhyolites are crustal melts, the basement rocks exposed in southern Brazil cannot represent a suitable source material because they have lower Nd isotope ratios than the rhyolites (Proterozoic mobile belt EN^^^^^^= -8 to -19; Archaean craton material EN^^^^^^= -21 to -32; Palmas rhyolites &NdnoMa= -6 to -8). The relatively radiogenic Sr and Pb isotopic composition (87Sr/86Sri=0.714 to 0.728; 206Ph/204Ph >l9.0) of the rhyolites would suggest a relatively incompatible-elementenriched, upper crustal source, but their high eruption temperatures (>100O0C) and major element composition require a fairly basic source akin to lower crustal granulites or basalts.
Several workers have instead investigated possible fractionation links between the Gramado basalts and the Palmas rhyolites [Bellieni et at., 1986; Garland et al., 19951. Any crystal fractionation must be accompanied by assimilation of upper crustal material because the rhyolites continue the trend towards high 87Sr/86Sr, 206Pb/Q04Pb and 0 0 seen within the basalts (e.g., Figure 14) , and modelling of an AFC process can produce a good fit to the major and trace element data. The entry of significant amounts of magnetite into the calculated crystallising assemblage at -56% Si02 rapidly enhances the Si02 content in the liquid over a small extent of fractionation and cooling and can account for the observed silica gap. It is notable that, unlike the Chapeco-Pitanga case, highly incompatible elements such as Zr show a nearly continuous trend through the Gramado basalts to Palmas rhyolites, consistent with a liquid line of descent (Figure 19 ). Normative compositions suggest that the Palmas rhyolites equilibrated at lower pressures (<5 kb) than the Chapeco rhyolites, indicative of shallow ponding [Garland el al., 19951, Compositional differences between the different Palmas subgroups can be explained by regional and temporal variations in the extent of assimilation and exact nature of the fractionating crystal assemblage. The Palmas rhyolites appear to have evolved from a parental basalt composition by fractional crystallisation and crustal assimilation in a stable, shallow-level magma chamber, and were then emplaced explosively at the surface as rheoignimbrites [Garland et al., 19951.
PARANA-ETENDEKA FLOOD BASALTS AND MASS EXTINCTIONS ?
The possibility of a causal link between flood basalt eruptions and major faunal extinctions has been much debated in the literature [e.g., Rampino et al., 19881. The Permian-Triassic and the Cretaceous-Tertiary boundaries mark two of the most significant mass extinction events in Earth history. Renne et at. [I9951 demonstrated that eruption of the Siberian flood basalt province coincided, within uncertainty, with the Permian-Triassic boundary. There is also a close temporal relationship between the CretaceousTertiary boundary and the Deccan flood basalts, although whether they were contemporaneous is still debated [e.g., Venkatesan et al,, 1993; Firaud and Courtillot, 19941.
Rampino et al.
[I9881 correlated the eruption of the Parana-Etendeka flood basalts to the mass extinction event at the Jurassic-Cretaceous boundary. This extinction event at the end of the Tithonian is one of the eight mass extinction events recognised by Raup andsepkoski [1984] , when 37% of marine genera (mostly ammonites, bivalves, and corals) disappeared.
Most estimates place the Jurassic-Cretaceous boundary at between 135 Ma and 145 Ma [e.g., Renne et at., 19921, which is older than the 4OAr-39Ar ages of most of the Paranh-Etendeka lavas. Therefore, any temporal correlation between flood basalt eruption and mass extinction is, in this case, unlikely [Hawkesworth et al., 1992; Renne et cd., 19921, although better constraints on the age of the Jurassic-Cretaceous boundary are clearly required. It is not possible to locate precisely the JurassicCretaceous boundary within the Parana basin sequences because of the essentially unfossiliferous nature of the local sediments. One solution might be to look at more distant and better dated sequences around the periphery of the Parani basin, perhaps in northwestern Argentina, where distal tephra deposits from the large rhyolitic eruptions in the Etendeka and southern Brazil might be found that could provide suitable marker horizons denoting the time of at least part of the Paranh-Etendeka magmatism.
Rampino et al. [I9881 suggested that the environmental impact of large flood basalt events could be significant. Individual flows can have erupted volumes of at least 700 km3 (Rosa flow, Columbia River province), which would release large quantities of sul hur dioxide and carbon diox-2 ide into the atmosphere.: The ParanA eruptions were of similar magnitude, in terms of the total volume of magma erupted, to the Deccan and Siberian lava sequences. If, indeed, the flood basalt eruptions in the Deccan and Siberia were responsible for significant faunal extinctions, perhaps in response to climatic changes caused by the repeated addition of volcanogenic gases to the atmosphere over a relatively short time span (<I m.y,), then the apparently muted environmental effect o f the Parani eruptions might reflect a slower average eruption rate, thus giving the biosphere more time to recover between successive eruptions.
